The (2ϫ2) surface-V 2 O 3 layer, an interface-mediated vanadium oxide phase observed on Pd͑111͒ in the submonolayer coverage range, has been investigated by means of angle scanned x-ray photoelectron diffraction ͑XPD͒, which gives a direct experimental confirmation of the model derived by scanning tunnelling microscopy ͑STM͒ and density functional calculations ͑DFT͒, with a quantitative determination of the V-O interlayer spacing. In addition, XPD measurements compared to single scattering cluster-spherical wave ͑SSC-SW͒ simulations revealed a peculiar broadening of V-O forward scattering ͑FS͒ maxima that is limited to azimuthal scans and that cannot be accounted for by isotropic Debye-Waller attenuation of the diffraction features. However, the existence of a soft phonon mode in the overlayer, associated with substantial in-plane displacements from equilibrium of O scatterers with respect to V emitters, could explain the experimental observation. The existence of such a soft mode has been confirmed by DFT calculations. It consists of an in-plane quasirotation around the V emitter of the three nearest-neighbor O atoms, and the estimated DFT frequency amounts to 15 cm Ϫ1 . The XPD data have been analyzed by means of SSC-SW simulations wherein a harmonic oscillator model has been employed to approximate the effect of the soft phonon mode on XPD curves. As a result, an experimental determination of the frequency of the mode has been obtained (40Ϯ25 cm Ϫ1 ), which is of the same order of magnitude as the DFT predicted frequency. Moreover, the sensitivity of XPD scans to the correlation of soft-mode atomic displacements has been studied, leading to the estimate of a ''soft-mode XPD coherence length'' for the system under investigation. This work therefore explores an application of XPD as a surface spectroscopy sensitive to vibrational soft modes.
I. INTRODUCTION
The (2ϫ2) surface-V 2 O 3 (s-V 2 O 3 ) structure is one among many interface-mediated metastable vanadium oxide phases detected on Pd͑111͒ by means of scanning tunneling microscopy ͑STM͒ in the sub-monolayer coverage range. [1] [2] [3] [4] [5] However, it is the only structure obtainable as a single phase on Pd͑111͒. The (2ϫ2) structure revealed by low-energy electron diffraction ͑LEED͒ and STM has been interpreted on the basis of density functional theory ͑DFT͒ calculations, which support a model leading to an excellent agreement of simulated and experimental STM images. 2 As reported in a recent short communication, 6 the system has been investigated by means of angle scanned x-ray photoelectron diffraction [7] [8] [9] ͑XPD͒ as well, which confirms the DFT/STM model and gives ͑a͒ direct experimental evidence for the proposed atomic arrangement and ͑b͒ an estimate of the V-O interlayer spacing. However, single scattering cluster ͑SSC͒ simulations of XPD curves for V 2p emission from s-V 2 O 3 , compared to experimental scans, revealed a peculiar anisotropic broadening of V-O forward scattering ͑FS͒ maxima in the experiment, which cannot be explained in the framework of a simple Debye-Waller ͑DW͒ isotropic vibration model. In particular, the experimental forward scattering ͑FS͒ peaks are characterized by an azimuthally larger full width at half maximum ͑FWHM͒ than is the case with simulated curves, while the reverse is true for polar cuts across the same experimental and theoretical FS peaks. In this paper we demonstrate that this observation can be rationalized by considering the effect of a particular soft vibrational mode of the overlayer on the outcome of the diffraction experiment. In order to produce the observed azimuthal ͑polar͒ broadening ͑narrowing͒, the mode should be characterized by a sufficiently low frequency as to produce rather large mean square displacements from equilibrium, capable of affecting the width of FS peaks, which are intrinsically rather wide. Moreover, since the broadening of V-O FS peaks is restricted to the azimuthal coordinate, the symmetry of the mode implies substantial displacements from equilibrium of O scatterers with respect to V emitters in a plane parallel to the surface and along a direction perpendicular to the V-O bond.
The layout of this paper is as follows. After a brief summary of the purely structural information given by XPD on (2ϫ2) s-V 2 O 3 /Pd(111), we first comment on the existence of a soft mode of the required symmetry, which is confirmed by means of DFT calculations. Subsequently, XPD data are analyzed with the aid of SSC-SW simulations, wherein a harmonic oscillator model is employed to account for-in an approximate way-the effect of the soft phonon mode on XPD curves. As a result, the fit of simulated to experimental XPD curves greatly improves and an experimental estimate of the frequency of the mode is obtained, which is of the same order of magnitude as the one predicted by DFT.
Unlike the case of formate chemisorption on Cu͑100͒ ͑Ref. 10͒, where the effects of low-frequency vibrations on XPD curves have been previously demonstrated, the (2 ϫ2) s-V 2 O 3 on Pd͑111͒ displays long-range order, with fully developed translational symmetry. For this reason, a further question is, to what extent XPD curves are sensitive to long-range correlated atomic displacements as seen from the photoelectron emitter. We show that XPD simulations depend remarkably on the coherence radius of atomic displacements around the emitter, which leads to an estimate of its magnitude by comparison to the experimental data.
II. EXPERIMENT AND SIMULATIONS
The (2ϫ2) s-V 2 O 3 overlayer has been prepared by means of reactive deposition of V in an O 2 atmosphere (p ϭ2ϫ10 Ϫ7 mbar, uncorrected ion gauge reading͒ by means of an Omicron EFM e-beam evaporator, with the Pd͑111͒ substrate temperature held at 250°C, followed by annealing in vacuum up to 300°C. The occurrence of the (2ϫ2) phase and the absence of other minority phases has been checked with LEED ͑RVL900 VG Microtech Rear View LEED͒.
X-ray photoelectron spectroscopy ͑XPS͒ and XPD data were collected with a modified VG Escalab MKII photoelectron spectrometer, using the Al K␣ line of a 300 W Al x-ray lamp. The sample was mounted on a two-axis goniometer, which allowed the sweeping of the electron emission direction with an angular resolution of Ϯ1°both in polar angle ͑, defined with respect to the surface normal͒ and in azimuthal angle ͑, defined with respect to the ͓1 1 2 ͔ direction on the surface͒.
Once the threefold symmetry of full 360°azimuthal scans has been verified within the experimental uncertainty, XPD measurements were performed on the V 2p 3/2 XPS peak in a 120°azimuthal range ͑from the ͓2 1 1 ͔ to the ͓1 2 1 ͔ azimuth of the substrate͒ at steps of 2°and have been mirroraveraged with respect to the ͓1 1 2 ͔ direction of the Pd surface in order to improve data statistics. The polar range was restricted to 56°ϽϽ74°at steps of 2°, i.e., to the polar interval, where V→O FS is expected. O 1s scans could not be measured since the O 1s level overlaps the Pd 3p 3/2 emission from the substrate. The intensities of the peaks, after a conventional linear background subtraction, were used for the XPD scans. The analysis of XPD experimental data has been accomplished with the aid of single scattering cluster ͑SSC͒ simulations within a SW formalism. 11, 12 We have verified explicitly that multiple scattering ͑MS͒ has negligible effects on V 2p azimuthal curve shapes and fine structure, as well as on the FWHM of V→O FS peaks, by running a set of fully converged MS simulations using the MSCD code. 13 We therefore conclude that single scattering is fully adequate to treat V 2p photoelectron scattering by a single O layer lying above the emitters at the given kinetic energy. Several clusters have been used to simulate the V 2p scans, ranging from 4 to 73 atoms. It has been verified that simulations of V 2p XPD patterns are insensitive to the presence of the substrate ͑i.e., of scatterers lying below the V emitters͒, and barely sensitive to the presence of V atoms coplanar with the V emitters, in good agreement with the rather high kinetic energy of outgoing photoelectrons ͑a kinetic energy of 952 eV͒, which determines the forward-peaked shape of atomic scattering factors. 7 For this reason, clusters limited to V-O bilayers of varying diameter have been used in the simulations including the effect of the appropriate soft mode.
Given the almost nonattenuating nature of the ultrathin film, simulations resulted to be rather insensitive to the actual choice of the inelastic attenuation length for V 2p photoelectrons. A variation of this parameter in a wide interval ͑5-100 Å͒ produced no significant changes in the simulated curves. An inner potential of 10 V was used, with no appreciable shifts of peak positions in polar scans due to changes in surface refraction if this parameter was varied even significantly, again in line with the high kinetic energy of V 2p photoelectrons excited by the Al K␣ source.
Scattering phase shifts were calculated in the framework of the partial wave method within a muffin-tin model using the MUFPOT program.
14 It has been checked that variation of muffin tin radii for both V and O in a reasonable interval does not induce significant changes in simulated FWHM's of azimuthal scans through the V-O FS maxima. Angular broadening of the photoelectron emission direction to match the spectrometer finite acceptance angle (Ϯ3.5°) was also included in the simulations. In comparing theoretical and experimental curves, we have used three different expressions for R factors as a quantitative measure of the quality of the fit: [15] [16] [17] [18] 
where I expt is the experimental and I theor the theoretical normalized XPD intensity curve.
III. RESULTS AND DISCUSSION
A. Basic overlayer structure Figure 1 shows the experimental 2 plot for V 2p emission from s-V 2 O 3 /Pd ͑111͒ compared to the results of SSC-SW simulations assuming the DFT/STM model [2] [3] [4] [5] for the vanadium oxide overlayer. The similarity between the two plots is immediately evident. The simulations allow us to identify the intensity maxima with V-O FS events in the overlayer, which therefore confirm that the ultrathin film is oxygen terminated, with V atoms lying at the interface with the substrate.
Polar cuts across one of the FS features ͑Fig. 2, top͒ show the coincidence between the experimental and simulated location of the intensity maximum (ϭ68°). Considered together with the (2ϫ2) LEED periodicity, this is direct evidence of the quantitative agreement between experimental XPD data and the atomic arrangement arising from the DFT model, as far as the V-O bond directions and average interlayer spacing are concerned. The calculated value for the latter is z (V-O) ϭ0.723 Å, while the experimental result is z (V-O) ϭ0.72Ϯ0.07 Å, which is derived assuming a V fcc -V hcp distance ͓i.e., the distance between adjacent V atoms located in fcc and hcp threefold hollow Pd͑111͒ sites͔ of 3.23 Å ͓from the (2ϫ2) LEED pattern͔ and the experimentally determined average V-O angle of ϭ66°Ϯ2°with respect to the surface normal.
However, the polar and azimuthal cuts across the V-O FS peak reported in Fig. 2 reveal a fundamental discrepancy between experiment and SSC-SW simulations: the experimental FS peak is distinctly broader in azimuth than the simulated one ͑Fig. 2, bottom͒. In addition, the experimental FS maximum is characterized by two symmetric shoulders, which are not reproduced by the simulation. Although the FWHM of the theoretical peak depends on the cluster size, ranging from 17°for a 73-atom V 31 O 42 cluster to a maximum of 21°for a 4-atom VO 3 cluster, it is nevertheless sensibly lower than the experimentally determined value of 26°. Moreover, the reverse is true for polar scans across the same V-O FS maxima: in this case the experimental FWHM of the FS peak is smaller than the SSC-SW-derived value. Since both theoretical and experimental polar FWHM's can in principle be affected by problems arising from background subtraction, our discussion will be mainly based on azimuthal scans, where this complication does not arise. However, we will show that polar FWHM narrowing is consistent with the explanation we give of the observed effect.
A careful critical evaluation of nonstructural parameters used in SSC-SW simulations leads us to exclude that narrower theoretical FS peaks are an artifact of the calculation. The observed effect should thus be explained on a physical base. 
B. Estimate of the soft-mode frequency affecting the FWHM of V-O FS peaks
In the past, we have already demonstrated that lowfrequency in-plane vibrational modes of a surface adsorbate, associated with substantial mean-square displacements of the oscillating atoms from the equilibrium position, could affect the azimuthal FWHM of XPD FS peaks. 10 Similar effects of anisotropic vibrations of surface species have been also discussed by Fritzsche et al. 19 Here we apply these ideas to s-V 2 O 3 /Pd(111), in order to extract information on the nature of the mode affecting the shape of azimuthal curves and on its frequency. In addition, the capacity of XPD in sensing the correlation in atomic displacements arising from the collective nature of surface low-frequency vibrations ͑soft phonon modes͒ in a long-range ordered system is explored for the first time. Figure 3 ͑left͒ gives a schematic indication of a possible in-plane displacement of surface O atoms with respect to V emitters, which, in principle, could be responsible for an azimuthal broadening of V-O FS peaks. The questions now are ͑1͒ does group theory predict such a mode for our system, and ͑2͒ is it characterized by a sufficiently low frequency that it can be associated with atomic displacements from equilibrium, which are able to have a detectable effect on the azimuthal FWHM of V-O FS peaks?
The vibrational analysis of the DFT model gives a positive answer to both questions. The calculations were performed using density functional theory and applying essentially the same computational parameters as described before. [3] [4] [5] To calculate the frequencies, a finite difference method was used, in which each O and V atom was displaced 0.03 Å in each directions (Ϯx, y and z). The interatomic force constants were determined from the induced forces, and the mass-weighted matrix was diagonalized to give the vibrational frequencies and the eigenmodes. The substrate was kept rigid in the course of the calculations. Table I reports the calculated modes and associated frequencies for s-V 2 O 3 /Pd(111).
There are three possible candidates for the mode we seek: the out-of-phase in-plane O stretching ͑modes 7 and 8 in Table I͒ , and the in-plane O quasirotation around V atoms ͑mode 15 in Table I͒ . The first two modes are, however, characterized by a frequency (ϳ290 cm Ϫ1 ) too high to affect the azimuthal FWHM of FS peaks appreciably. We are Table II and depicted in Fig. 3 ͑right͒. This figure explains why we call the mode a quasirotation: the overall effect is a hindered ''rotation'' of O atoms around the central V emitter, but V-O distances are not kept strictly constant during the oscillation.
The incorporation of the exact eigenvectors of the identified soft mode into the SSC-SW simulations would be rather tedious and also unnecessarily overprecise, given the approximate parabolic potential assumed for atomic oscillations, and given a certain degree of insensitivity of the simulated curves to the exact description of atomic motion, which will be proven below. In fact, the simple harmonic oscillator model helps us avoiding ad hoc assumptions regarding interatomic interactions in the overlayer, while preserving all the basic physics implied by the problem. For this reason, the mode under investigation has been approximated by a pure hindered-rotational ͑librational͒ harmonic oscillator, i.e., a model wherein the three nearest-neighbor ͑NN͒ O atoms rotate around the V emitters with no changes in the V-O bond lengths ͑see Fig. 4 , left͒. This choice and its consequences are described in the remaining paragraphs of this section and in Sec. III C. Subsequently, by adopting the alternative approximation of a purely linear harmonic oscillator model ͑Fig. 4, right͒, we show that the relaxation of the constant bond length requirement does not contradict the conclusions drawn from the librational model ͑Sec. III D͒.
If the three O atoms are assumed to librate around a V atom by keeping constant bond lengths and if a parabolic potential is assumed, elementary quantum mechanics tells that the harmonic oscillator thus constituted is described by the wave functions with ␣ in deg and in cm Ϫ1 . Equation ͑1͒ squared gives the probability density of finding the oscillator in the th state at a certain angular displacement ␥ from the equilibrium position. The probability is linked to the frequency of libration through the dependence on ␣ of Hermite polynomials as well as of the exponential term.
We have therefore calculated ⌿ 2 (␥,) as a function of frequency in the interval 20ϽϽ100 cm Ϫ1 at steps of 5 cm Ϫ1 up to 80 cm Ϫ1 and of 10 cm Ϫ1 between 80 and 100 cm Ϫ1 . For each value of frequency, every ⌿ 2 (␥,) has been weighted by its equilibrium thermal population given by the Boltzmann distribution and combined into a normalized ⌿ tot 2 (␥,). Figure 5 ͑top͒ gives an example of the number of excited states to be included in ⌿ tot 2 (␥,) as a function of frequency, in order to converge to the thermal population. The cutoff criterion adopted in Fig. 5 ͑top͒ is a population for the maximum order included that is less than 3% of the ground state population. All ⌿ tot 2 (␥,) have been forced to a much better convergence, except for ϭ20 cm Ϫ1 , where the cutoff criterion has been relaxed to 5%, given the rapid divergence of max with decreasing frequency. Frequencies lower than 20 cm Ϫ1 have been also checked initially but, since they resulted in a poor fitting of theoretical data to experiment and given their very slow convergence on thermal population, they have been subsequently discarded. An example of ⌿ 2 (␥,) and of the resulting ⌿ tot 2 (␥,), referring to ϭ45 cm Ϫ1 , is reported in Fig. 5 ͑middle͒. The collection of ⌿ tot 2 (␥,) as a function of is reported in Fig. 5 
͑bottom͒.
⌿ tot 2 (␥,) represents the total probability of finding an O atom displaced by ␥ degrees from the equilibrium position relative to the probability of finding it at the equilibrium position itself. If a series of XPD azimuthal curves through the V-O FS are calculated explicitly for a series of ␥ values, these can be convoluted into a single curve by adopting ⌿ tot 2 (␥,) as a weighting factor at each . This procedure is then repeated for different frequencies, and the resulting curves are compared to the experimental azimuthal scan by means of an R-factor analysis. The best-fit simulation thus allows us to estimate , the frequency of libration. Figure 6 shows the results for the minimal four-atom VO 3 cluster, whose top view is reported as an inset in the top panel. This panel also reports the experimental azimuthal curve through the V-O FS maxima, the SSC-SW simulation for the equilibrium cluster, which is clearly characterized by a lower FWHM of the FS peak with respect to the experiment, and finally the best-fit convolution of angular displacements from equilibrium, corresponding to a frequency of 50 cm Ϫ1 . The fit is excellent, as confirmed by the very low values assumed by all three R factors at the best-fit frequency ͑Fig. 6, bottom left͒. If R 2 Ј near the minimum is treated as a function and fitted to a parabola ͑Fig. 6, bottom right͒, an estimate of the statistical uncertainty of the best-fit frequency can be obtained. 15 The result is ϭ50 Ϯ10 cm Ϫ1 . Figure 7 shows the FWHM of simulated scans as a function of frequency for various clusters adopted in this work. The horizontal line represents the FWHM of the experimental curve. The intersection of the FWHM curve based on the four-atom cluster and the experimental value corresponds nicely to the best-fit frequency as determined from the full R-factor analysis.
C. Sensitivity of XPD curves to the correlation of atomic vibrations
As good as the fit may be, the minimal VO 3 cluster cannot account for the collective nature of atomic displacements in SSC-SW simulation for the equilibrium 73-atom cluster; best-fit convolution of angular displacements from equilibrium, corresponding to a frequency of 45 cm Ϫ1 ; convolution of angular displacements from equilibrium, corresponding to a frequency of 20 cm Ϫ1 . The cluster used for SSC-SW simulations is shown as an inset. Bottom: in extended clusters, the features at ϭ0°,60°,120°,... are the sum of true V-O FS and of higher-order interference fringes. As a result, their intensity is largest at equilibrium (␥ϭ0), since higher-order diffraction adds in phase to V-O FS. When the symmetry is lowered by O displacements off-equilibrium, the intensity of such higher-order fringes ͑whose position is indicated by a bar at ϭ60°) does not add to the V-O FS maximum ͑now shifted to ϭ60°ϩ␥), with a resulting lower intensity of the peak itself. The effect is shown for four different increasing values of ␥ ͑␥ is the angular displacement from equilibrium͒. the overlayer. In addition, the experimental V-O FS maximum displays reproducibly two symmetric shoulders, while the simulated convolution of harmonic oscillator states shows a simple Gaussian line shape. For these reasons, a more extended cluster containing 73 atoms, with 6 O coordination circles around the central V emitter, has been used for simulations, in order to study the effect of long-range coherent displacements of O atoms on the calculated harmonic oscillator convolutions. 20 Results are reported in Fig. 8 . The surprising effect of the introduction of collective atomic displacements in the SSC-SW model is a substantial narrowing of FS peaks for all frequencies ͑see also Fig. 7͒ , and the appearance of extra fine structure at low frequencies around ϭ30°and ϭ90°, i.e., between two successive FS maxima. Figure 8 ͑top͒ shows the experimental data compared to the best-fit convolution and to the SSC-SW curve with no librations included. ͑The convolution for ϭ20 cm Ϫ1 is also shown, characterized by fine structure features centered at ϭ30°and ϭ90°.) The best-fit curve corresponds to the simulation with the largest FWHM of the V-O FS peak ͑Fig. 7͒, which is, however, sensibly lower than the experimental value. Interestingly, lower FWHM is found for convolutions at frequencies both lower and higher than the best-fit value. In particular, the narrowest FS maximum is found for the lowestfrequency value assumed in these simulations, i.e., 20 cm Ϫ1 . The shape of the FS peak is no longer simple Gaussiansymmetric side shoulders start to develop, but the equilibrium component ͑at ϭ60°) has by far the largest intensity. This is a consequence of the sensitivity of XPD simulations to the overall cluster symmetry and size, as shown in Fig. 8 ͑bottom͒. The peak centered at ϭ60°is now in effect the sum of true V-O FS ͑zeroth-order scattering͒ and of higherorder interference fringes. Its intensity is larger for equilibrium and near-equilibrium displacements ͑low ␥͒ than that for large ␥ ͑while in the previous 4-atom model intensities were obviously identical for all ␥ values͒, since higher-order interference effects due to V-O NNN scattering ͑next-nearest neighbors, by which we mean all O atoms except the three NN's͒ add in phase to V-O FS when the system is at equilibrium and displays its full symmetry. When the symmetry is lowered by O displacements off-equilibrium, the intensity of such higher-order fringes ͑indicated by a bar at ϭ60°in Fig. 8 , bottom͒ does not add to the V-O FS maximum ͑now shifted to ϳ60°ϩ␥ in the example of Fig. 8 , bottom͒, with a resulting lower intensity of the peak itself. The larger the cluster, the higher the intensity of diffraction features adding in-phase at the equilibrium azimuthal angle, with the overall result of increasing the central component of the FS feature with respect to the side shoulders. This is the main cause of FS peak narrowing.
Obviously, the 73-atom cluster overestimates the sensitivity of the central V emitter to correlated O displacements due to the soft mode under investigation. A possible explanation for the lower sensitivity in the real system is a rapid dephasing of atomic motion as seen from the emitter due to other vibrational modes of the overlayer. As a matter of fact, Table  I shows that there are other modes at the ⌫ point of the Brillouin zone characterized by sufficiently low frequency to be able to affect the diffraction pattern appreciably. In addition, there is obviously an infinite number of modes not corresponding to the ⌫ point, but still having the signature of the VO 3 quasirotation, though these may be expected to be harder than the latter, being a mixture of the VO 3 rotation and of the other modes in which the O atoms move perpendicular to the V-O-V bonds. A simple ͑though very approximate͒ way to account for such a dephasing is the attenuation of diffraction features by assigning large isotropic mean square displacements in a DW framework to NNN O atoms.
The result is reported in Fig. 9 . Mean square displacements of 0.5 Å have been applied to NNN O atoms in calculating DW attenuation. The fit of the convolution to the experiment is clearly superior to the preceding case. In particular, the FWHM of the simulated curve has increased, and two symmetric shoulders of the FS maximum are clearly visible, although their relative intensity with respect to the central feature is still underestimated. The R-factor curves for this model are reported in Fig. 9 ͑bottom left͒, while the parabolic fit to R 2 Ј is shown in Fig. 9 ͑bottom right͒. The estimated best-fit frequency is ϭ45Ϯ30 cm Ϫ1 , a value close to the one determined starting from the minimal 4-atom cluster, but associated with a larger statistical error.
A further improvement is obtained by reducing the cluster used for SSC-SW simulations. Figure 10 shows the results for a 34-atom cluster with DW dephasing of NNN O atomic displacements. In this case there are 4 NNN oxygen coordination circles. The best-fit frequency in this case is ϭ40 Ϯ25 cm Ϫ1 . Residual differences between the experimental scan and the best-fit simulation are detected at the onset of the FS peak: the base width of the theoretical scan is larger than the experimental one. As will appear from the following discussion, this effect seems to depend on the parabolic approximation for the elastic potential rather than on the choice of purely rotational motion for O atoms around the V emitter. Of course it depends also on cluster size: the base width of the 4-atom cluster best-fit simulation ͑Fig. 6͒ is only marginally broader than the experimental counterpart.
In conclusion, azimuthal scans through the V-O FS maxima are sensitive to the correlation of atomic motion in the surface-terminating O monolayer up to a distance between 2 and 4 NNN O coordination circles. Rapid dephasing occurs as seen from the V emitter due to ''noise'' induced by the thermal bath constituted by the low end of the phonon spectrum.
The last question to be addressed is concerned with the effect of librations on polar scans. That O displacements off-equilibrium should imply a narrowing of FS peaks in polar scans can be understood on intuitive grounds. In fact, given the approximately conical symmetry of FS peaks around the emitter-scatterer direction, an in-plane displacement of the scatterer off-equilibrium means that the polar scan along a fixed azimuthal direction of the substrate ͑cor-responding to the equilibrium position of the scatterer͒ does not intercept the FS cone through its maximum, where it has the maximum FWHM, but rather through one of its sides. The result is a peak that is narrower and less intense the larger the displacement of the scatterer from equilibrium. Since the harmonic oscillator convolution is simply a weighted average of the ͑broadest͒ equilibrium polar scan with all ͑narrower͒ off-equilibrium scans, it follows that the resulting curve is bound to have a FWHM that is smaller than the equilibrium one. This is proven explicitly by the dashed curve in Fig. 2 , which is the harmonic oscillator convolution of polar scans calculated with the 34-atom cluster for the best-fit frequency of ϭ40 cm Ϫ1 . It shows the expected narrowing with respect to the equilibrium polar scan-it is closer to the experimental curve. Residual discrepancies between experiment and simulation may be attributed to background subtraction.
D. Relaxing the ''pure rotation'' approximation
In order to demonstrate that the choice of a purely rotational motion of O atoms around V emitters is not a too strong an approximation, data have been analyzed by applying an alternative model ͑see Fig. 4 , right͒ characterized by purely linear O displacements in a plane perpendicular to V-V interatomic directions. In the present case ␣ is given by:
where m O represents the mass of the oxygen atom and ␣ is given in Å and in cm Ϫ1 . ⌿ tot 2 (d,) are now calculated as a function of linear offequilibrium atomic displacement d and frequency , as shown in Fig. 11 . The best-fit result of the linear oscillator model for a 34-atom cluster with NNN dephasing is shown in Fig. 12 , top. It is virtually indistinguishable from the librational model best fit ͑Fig. 10͒. The frequency is ϭ65 cm Ϫ1 , although R-factor curves reported in the bottom left panel show that simulations are rather insensitive to frequency for Ͼ40 cm Ϫ1 . A strong divergence between the two models occurs only at Ͻ40 cm Ϫ1 , as shown by the much worse R-factor values in the linear case, and by the shape of low-frequency convolutions shown in Fig. 12 ͑bot-tom right͒, where the development of strong peaks between equilibrium FS directions is observed at low frequencies. These are the sides of FS peaks ͑located at Ͼ68°) originating from the scattering of the V 2p photoelectron by NN O atoms moving in the planes perpendicular to V-V interatomic directions, as well as by NNN O atoms belonging to the second coordination circle around the V emitter moving along analogous planes. If the equilibrium V-O NN FS peaks at ϭ68°are placed at ϭ0°,60°,120°,..., both sets of O atoms are brought closer to ϭ30°and ϭ90°͑as seen from the central V emitter͒ the larger their linear displacements from equilibrium, which weigh more in the convolutions at low frequencies ͑see the model of Fig. 4 , right͒. The main conclusion that may be drawn from the results reported in this section is that the inclusion of a linear component of motion in O displacements from equilibrium would not affect appreciably the results of SSC-SW simulations obtained adopting the purely rotational model in the frequency interval corresponding to R-factor minima.
IV. CONCLUSION
In this paper we report on the investigation of a (2ϫ2) s-V 2 O 3 layer on Pd͑111͒ by means of XPD, which gives direct experimental confirmation of the DFT/STM structural model previously proposed for this interface-stabilized oxide phase. [2] [3] [4] [5] The experimental determination of the V-O interlayer spacing has been accomplished and quantitative agreement has been found between the DFT model (d V-O ϭ0.723 Å) and the XPD experiment (d V-O ϭ0.72 Ϯ0.07 Å).
In addition, XPD measurements compared to SSC-SW simulations revealed a peculiar broadening of V-O FS maxima limited to azimuthal scans, which cannot be accounted for by isotropic Debye-Waller attenuation of the diffraction features. It has been shown that the existence of a soft mode in the overlayer, associated with substantial inplane displacements from the equilibrium of O scatterers with respect to V emitters, can explain the experimental observation. The existence of such a soft mode has been confirmed by DFT calculations. It consists of an in-plane quasirotation around the V emitter of the three nearest-neighbor O atoms. The estimated DFT frequency is 15 cm Ϫ1 . The XPD data have been analyzed by means of SSC-SW simulations wherein a harmonic oscillator model has been employed to approximate the effect of the soft phonon mode on XPD curves. As a result, an experimental determination of the frequency of this mode has been obtained (40 Ϯ25 cm Ϫ1 ), which is of the same order of magnitude as the DFT predicted frequency. Moreover, the sensitivity of XPD scans to the correlation of soft-mode atomic displacements has been studied, leading to the estimate of a ''soft-mode XPD coherence length'' for the system under investigation, which amounts to 2-4 oxygen coordination circles around FIG. 12 . ͑Color online͒ Top: experimental V 2p azimuthal curve through V-O FS maxima; SSC-SW simulation for the equilibrium 34-atom cluster with NNN dephasing for the purely linear harmonic oscillator model; best-fit convolution of angular displacements from equilibrium, corresponding to a frequency ϭ65 cm Ϫ1 . The cluster used for SSC-SW simulations is shown as an inset. Bottom, left: R factors between experiment and simulations as a function of frequency . An expanded view of R-factor curves near the R-factor minimum is shown as an inset. Bottom, right: strong peaks between equilibrium FS directions is observed in SSC-SW simulations of V 2p azimuthal curves at low frequencies, which are responsible for very bad R-factor values at Ͻ40 cm Ϫ1 .
the emitting V atom. This work therefore explores an application of XPD as a surface spectroscopy tool sensitive to vibrational soft modes, a concept that had been already proposed in the past, 10 but which is now explored in greater detail.
As a final general remark, we note that the best-fit frequency arising from the comparison of SSC-SW simulations to XPD experimental data-irrespective of the model assumed for approximating the effect of the soft mode on XPD curves-is always larger than the calculated DFT value, although the experimental uncertainty associated with XPD evaluations that take into account the collective nature of atomic displacements are sufficiently large to almost include the theoretical estimate. In addition, the quality of the fit as judged strictly from R-factor values is better for the minimal 4-atom cluster used in SSC-SW simulations than for larger clusters. These are certainly effects of the approximations adopted in treating both the vibrational potential and the associated atomic displacements in the investigated soft mode. However, the minimal cluster does not allow us to account for the fine structure found reproducibly in the experimental data, which is explained, at least qualitatively, by correlated atomic displacements in the larger clusters. In conclusion, even under the rather strong approximations that have been adopted, we have succeeded in providing a physical explanation of the observed azimuthal FWHM increase in XPD scans and in giving a reasonable estimate of the frequency of the soft mode responsible for such an effect.
